Pure nicotine impairs macrophage killing of Mycobacterium tuberculosis (MTB), but it is not known whether the nicotine component in cigarette smoke (CS) plays a role. Moreover, the mechanisms by which nicotine impairs macrophage immunity against MTB have not been explored. To neutralize the effects of nicotine in CS extract, we used a competitive inhibitor to the nicotinic acetylcholine receptor (nAChR)-mecamylamine-as well as macrophages derived from mice with genetic disruption of specific subunits of nAChR. We also determined whether nicotine impaired macrophage autophagy and whether nicotine-exposed T regulatory cells (Tregs) could subvert macrophage anti-MTB immunity. Mecamylamine reduced the CS extract increase in MTB burden by 43%. CS extract increase in MTB was also significantly attenuated in macrophages from mice with genetic disruption of either the a7, b2, or b4 subunit of nAChR. Nicotine inhibited autophagosome formation in MTB-infected THP-1 cells and primary murine alveolar macrophages, as well as increased the intracellular MTB burden. Nicotine increased migration of THP-1 cells, consistent with the increased number of macrophages found in the lungs of smokers.
The geographic overlap of cigarette smoking prevalence and the number of latent and active tuberculosis (TB) cases is striking (1) . Epidemiologic, human cellular, and murine studies indicate that cigarette smoke (CS) exposure increases the risk of developing TB (2) (3) (4) (5) (6) (7) (8) . Mathematical modeling estimated that, between 2010 and 2050, 18 million more TB cases and 40 million more TB deaths will occur as a result of CS exposure; furthermore, more aggressive smoking control could save 27 million individuals from TB-related death by 2050 (9) . Another analysis determined that smoking cessation could potentially eliminate 16% of the world's TB cases (10) .
Smokeless tobacco productsincluding nicotine-containing smoking cessation aids, chew tobacco, snuff, snus, electronic cigarettes, and various other smokeless inhalational devices-are increasingly used as "safe" alternatives to cigarettes. The Centers for Disease Control estimates that over 300 million people in more than 70 countries regularly use smokeless tobacco (11) . Because nicotine is a potent immunosuppressant, if it is even partly responsible for the aforementioned link between CS and TB, then the increasing use of smokeless nicotine could have similar consequences. We previously reported that macrophages incubated with nicotine had two-to fivefold more Mycobacterium tuberculosis (MTB) burden than control macrophages (7) . van Zyl-Smit and coworkers (8) showed that nicotine significantly inhibited IL-10 production, but also showed a trend toward reduced TNF-a production in monocyte-derived human macrophages infected with Mycobacterium bovis bacillus CalmetteGuerin. However, it has not been shown that the nicotine component found in CS extract-commonly used in research-is responsible, at least in part, for the ability of CS to impair macrophage killing of MTB. Furthermore, the mechanism(s) by which nicotine sabotages macrophage control of MTB is not known. Because nicotine has been shown to enhance T regulatory cell (Treg) function, and Tregs may impair host immunity against MTB (12), we also determined whether nicotine-exposed Tregs affect macrophage control of MTB.
Materials and Methods

Materials
The monocytic human cell line, THP-1, and mouse macrophage cell line, RAW 264.7 (TIB-71), were obtained from the American Type Culture Collection (Rockville, MD). MTB H37Rv was obtained from Dr. Martin Voskuil at University of Colorado Anschutz Medical Campus (Aurora, CO). 3R4F research cigarettes (University of Kentucky, Lexington, KY) were used to prepare the CS extract as previously described (13) . Mice with genetic disruption for the a7 (14) or b4 (15) subunit of the nicotinic acetylcholine receptor (nAChR) were originally obtained from Dr. Arthur Beaudet (Baylor College of Medicine, Houston, TX), and the b2-nAChR subunit knockout was obtained from Dr. Marina Picciotto (Yale University, New Haven, CT) (16) . All three knockouts were bred onto a C57BL/6J background at the Institute of Behavioral Genetics, University of Colorado Boulder (Boulder, CO); the strain identification for a7 2/2 , b2 
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1 population (Tregs) ( Figure E1 ).
Migration Assay
THP-1 medium (0.5 ml) containing 10% FBS was added to the lower compartment of each transwell (Transwell Permeable Supports, 6.5-mm diameter polycarbonate inserts with 5.0-mm pore size; Corning Inc., Corning, NY). THP-1 cell suspensions were prepared using 5 3 10 5 cells/ml in serumfree THP-1 medium alone or with MTB (multiplicity-of-infection of 5), nicotine (1 mg/ml), or MTB plus nicotine (0.1 and 1 mg/ml). A 100-ml aliquot of each cell suspension solution was added to the upper compartment of each transwell and incubated at 37 8 C and 5% ambient CO 2 for 48 hours. The migrated cells in the lower compartment were centrifuged, fixed with 4% paraformaldehyde, and stained with EMD Millipore Hemcolor Rapid Staining kit (Fisher Scientific, Waltham, MA). The number of migrated cells was quantified by microscopy (2003), counting at least 100 fields in each experiment.
Statistical Analysis
Data are presented as the mean (6SEM) of three independent experiments, unless otherwise indicated. Group means were compared by repeated-measures ANOVA using Fisher's least significance difference test or by two-way ANOVA with Bonferroni's post hoc test.
Results
Antagonism of nAChR Abrogates CS Extract Increase in MTB Burden in Macrophages
We previously found that addition of pure nicotine to human macrophages resulted in a significant increase in recovered MTB (7). To determine if the nicotine component in CS extract also has this effect, THP-1 cells were incubated with 10% CS extract with or without 50 mM mecamylamine (MEC), an nAChR antagonist that competitively inhibits nicotine from binding to its receptor. Whereas CS extract increased the burden of MTB in THP-1 cells, MEC attenuated this increase by 43% after 2 days of infection ( Figure 1A ). Similar effects were seen in RAW 264.7 mouse macrophages ( Figure 1B) . Although there was a modest decrease in macrophage viability with time (up to 4 days of culture), nicotine at 0.1 and 1 mg/ml had no significant effect on the proliferation of THP-1 cells, RAW 264.7 cells, or BMM ( Figure E2 ). There was greater decrement in cell proliferation by 10% CS extract, but it was still greater than 80% of controls even after 4 days of incubation ( Figure E3 ). MEC (20 and 50 mM) alone (in the absence of CS extract) had no effect on the recovery of MTB after 2 and 4 days of infection in THP-1 cells, RAW 264.7 cells, and BMM ( Figure E4 ). MEC (50 mM) also did not alter the viability of THP-1 cells compared with CS extract exposure alone (data not shown). These findings demonstrate that the nicotine component in CS extract plays a significant role in undermining macrophage control of MTB. To determine whether nicotine directly affects the growth of MTB, MTB was cultured in 7H9 liquid medium alone or with nicotine at 0.1-100 mg/ml at 37 8 C for 2 and 4 days, and MTB ORIGINAL RESEARCH was then quantified. As shown in Figure 1C , nicotine alone (in the absence of macrophages) had no effect on the viability or growth of MTB.
Nicotine Impairment of Macrophages Depends on Binding to Specific nAChR
To corroborate that nicotine binding to nAChR subverts macrophage activity against MTB, we infected BMM from wildtype C57BL/6 mice and from mice with genetic disruption of the a7 subunit of nAChR in the presence of 10% CS extract. Although CS extract increased the amount of MTB recovered from wild-type BMM, there was 38% less viable MTB from BMM lacking a7-nAChR at Day 2 and 30% less by Day 4 after infection compared with similarly treated wild-type BMM (Figure 2A) . Similarly, there was significantly less viable MTB recovered from CS extract-exposed BMM from mice with genetic disruption for either the b2 or b4 subunit of nAChR compared with wildtype BMM exposed to CS extract ( Figures  2B and 2C) .
By 4 days after MTB infection, absence of the b4 subunit of nAChR (b4 2/2 ) on the BMM showed greater reversal of the impaired macrophage control of MTB infection induced by nicotine compared with a7 2/2 or b2 2/2 BMM, albeit the differences were modest (Figure 2) . To verify the expression of b2-and b4-containing nAChR in BMM, we performed a binding assay using [
125 I]epibatidine in the presence and absence of A85380, a competitive inhibitor to b2-containing nAChR (i.e., b2-containing nAChR is A85380 sensitive, whereas b4-containing nAChR is A85380 resistant). We found that BMM express modest levels of both b2-and b4-containing nAChRs (i.e., 2.84 6 0.65 fmol/mg and 1.76 6 0.25 fmol/mg, respectively; Figure 2D ). We conclude that nAChRs are important in mediating the immunosuppressive effect of CS extract on macrophages against MTB.
Nicotine Inhibits Autophagy in MTB-Infected THP-1 Cells and Primary Murine Alveolar Macrophages
Autophagy is an effector mechanism used by host cells to help eliminate intracellular MTB (18) . Alveolar macrophages from smokers are defective in the autophagic process (19) ; thus, we determined whether nicotine inhibits autophagy in the context of MTB infection. We first determined qualitatively the presence of autophagy by detecting for the presence of microtubuleassociated protein light chain-3-II (LC3-II), a protein critical in the formation of the autophagic membrane (20) . THP-1 cells were preincubated with 0.1 or 1 mg/ml nicotine for 1 hour and then infected with MTB for 18 hours. Whole-cell lysates were prepared and the proteins separated by SDS-PAGE were immunoblotted to detect LC3-I and LC3-II isoforms. Compared with MTB infection alone for 18 hours, nicotine significantly decreased LC3-II expression in a dose-dependent fashion ( Figure 3A ). The number of LC3-II-positive autophagosomes in MTB-infected cells was also quantified after immunocytofluorescent staining, showing that nicotine decreased the number of LC3-II-positive punctae (autophagosomes) per cell ( Figure 3B ).
We next examined the effects of nicotine on host immunity against MTB in primary murine alveolar macrophages, because (a7) 5 -nAChR has been found in murine macrophages (21) (22) (23) . To first determine if murine alveolar macrophages also contain b2-and b4-containing nAChR, we assayed [ 125 I]epibatidine binding, but were unable to obtain consistently reliable results (data not shown). Nevertheless, nicotine reduced the number of autophagosomes ( Figure 3C ) and increased MTB burden in primary murine alveolar macrophages ( Figure 3D ).
Nicotine Induces NF-kB Activation
Because we previously showed that NF-kB activation inhibits both apoptosis and autophagy in MTB-infected human macrophages, inhibiting their ability to control the infection (24), we determined whether nicotine itself induces NF-kB activation. THP-1 cells were cultured with 1 mg/ml nicotine for 0.25, 0.5, 3, and 6 hours and p65 subunit-containing NF-kB binding to its DNA consensus sequence was quantified. As shown in Figure 4A , nicotine induced p65 subunit-containing NF-kB binding and incubation with the IkBa kinase inhibitor, BAY 11-7082, significantly inhibited binding. Furthermore, inhibition of NF-kB activation significantly abrogated the nicotine-mediated increase in CFU in THP-1 cells ( Figure 4B ).
Nicotine Induces Tregs to Produce Transforming Growth Factor-b
Nicotine increases the suppressive activity of Tregs (25) , and because Tregs are capable of skewing macrophages toward the alternatively activated, immunosuppressive (M2) phenotype (12) , it is plausible that nicotine may deactivate macrophages against MTB indirectly through activation of Tregs. To validate that nicotine activates Tregs, we obtained Tregs from the spleens of transgenic mice expressing FoxP3-EGFP, incubated the cells with 0.1 and 1 mg/ml of nicotine for 6 and 24 hours, and quantified the transforming growth factor (TGF)-b concentration in the supernatant. As shown in Figure 5A , nicotine induced TGF-b production from Tregs.
Nicotine-Exposed Tregs Impair Macrophage Control of MTB Infection
To determine whether nicotine-exposed Tregs impair macrophage control of MTB infection, we isolated Tregs from the spleens of FoxP3-EGFP mice and cultured them in medium alone or medium containing 1 mg/ml nicotine for 18 hours. BMM were also derived from the same mice. BMM, alone and cocultured with unexposed or nicotine-exposed Tregs at a ratio of 100 BMM:1 Treg, were then infected with MTB and bacterial load determined 1 hour, 2 days, and 4 days later. At 4 days after infection, there was significantly more intracellular MTB recoverable when BMM were cultured with Tregs than BMM alone ( Figure 5B ). Moreover, Tregs exposed to nicotine further increased the number of MTB recovered. Concomitant measurement of IL-10 ( Figure 5C ) and urea (reported as arginase activity; Figure 5D ) showed the greatest increase in the BMM plus nicotine-exposed Treg cell cultures. Although nitric oxide (NO) levels (measured as NO 2 2 ) were decreased in cell culture supernatants of BMM plus Tregs as compared with BMM alone, there was no difference in NO 2 2 measured between BMM cocultured with unexposed or nicotine-exposed Tregs ( Figure 5E ).
The Effects of Nicotine and MTB on Migration of THP-1 Cells
Smokers are more susceptible to TB, despite having more immune cells in their lungs. In the case of macrophages-the predominant cell type found in the lavage fluids of smokers-one possible mechanism is increased migration from the peripheral blood. Another mechanism, not necessarily mutually exclusive, is reduced migration of differentiated macrophages that were derived from blood monocytes that entered the lungs or those that originated from progenitor cells that traveled to the lungs from the yolk sac during embryogenesis (26) . To begin to address whether nicotine plays a role in the lung leukocytosis seen in smokers, we examined the effects of nicotine on the migration of undifferentiated THP-1 cells. Whereas MTB alone did not increase cell migration, nicotine (1 mg/ml) significantly increased their movement ( Figure 6 ). In asking whether there is synergy of MTB and nicotine in increasing migration, THP-1 cells were incubated with MTB along with 0.1 and 1 mg/ml nicotine and migration assay performed. Nicotine at 0.1 mg/ml combined with MTB did not affect THP-1 cell migration compared with unstimulated controls. Similarly, there was no further augmentation in migration with addition of MTB to 1 mg/ml nicotine compared 
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with the same concentration of nicotine alone ( Figure 6 ).
Discussion
Nicotine is found mainly in the roots and leaves of the nightshade family of plants, notably in relatively high concentrations in the tobacco plant Nicotiana tabacum. It is among the most thoroughly studied components of CS. Nicotine is immunosuppressive, as it is known to: (1) inhibit peripheral blood mononuclear cell production of IL-12, TNF-a, and IFN-g (27) ; (2) (25); (7) inhibit granuloma formation (32); and (8) antagonize apoptosis, an effector mechanism known to kill intracellular MTB in macrophages (33) . We previously showed that nicotine impaired the ability of THP-1 cells and primary human alveolar macrophages in controlling MTB infection (7). Using a pharmacologic inhibitor to nAChRs as well as BMM from mice with genetic disruption of specific subunits of nAChR, we found that the nicotine component of CS extract plays a significant role in impairing macrophage inhibition of MTB proliferation. Although we found no significant effect of nicotine on macrophage proliferation, others showed that nicotine induced DNA damage in a bronchial epithelial cell line, although it required at least 1 mM (162 mg/ml) of nicotine, which is roughly 160 to 1,600 times the nicotine concentration used in our studies; furthermore, despite inducing DNA damage, nicotine had no effect on apoptosis in these epithelial cells (34) . In addition, we found that nicotine alone (without macrophages) had no effect on the viability of MTB, consistent with previous reports showing that nicotine had no significant effect on the growth of various bacteria (35) ; furthermore, the minimum inhibitory concentration for nicotine on various strains of MTB ranged from 600 to 1,000 mg/ml, or approximately 1,000-to 10,000-fold greater nicotine concentration than we used in our macrophage studies (36) .
Although measured nicotine concentrations in the venous blood of smokers vary from 4 to 72 ng/ml (37), the nicotine concentrations we chose (0.1 and 1 mg/ml) in our in vitro macrophage cultures are physiologically appropriate, because the nicotine level measured in venous blood significantly underestimates the amount of nicotine exposure of tissues due to several factors. First, nicotine in arterial blood is roughly 10-fold higher than that of venous blood; indeed, it is estimated that the amount of nicotine found in arterial blood after smoking one cigarette is equivalent to that found in venous blood after smoking 20 cigarettes (38) . The significance of this phenomenon-likely due to the first-pass metabolism of nicotine through the liver-is that tissues are perfused with much higher concentrations of nicotine than what is routinely measured in (venous) blood. Second, except for adipose tissue, most tissues, including the lungs, have great affinity for nicotine, resulting in tissue levels that are several fold greater than that of blood (39) . Finally, nicotine that is acquired by inhalation of CS or nicotine vapor would be expected to have significantly higher local nicotine concentrations in the lung parenchyma, due to both direct exposure and nicotine being highly permeable through cell membranes; indeed, the nicotine concentration in saliva and gingival crevicular fluid after smoking one cigarette was found to be approximately 2 and 6 mg/ml, respectively (40) . In addition, MTB-infected macrophages were incubated for up to 4 days, and nicotine can be degraded by cytochrome P450 2A6, uridine diphosphate-glucuronosyltransferase, and flavin-containing mono-oxygenase, enzymes which have been found in various primary monocytes and macrophages, as well as monocytic cell lines (41) . It is important to note that, although blood nicotine concentrations achieved in vapers of electronic cigarettes are generally lower than smokers, there is great overlap in the blood nicotine levels achieved, depending on the nicotine concentration of the vaping solution used as well as the puff frequency, depth, and duration; for example, in one investigation in which study subjects were asked to inhale 10 puffs of a vaping solution containing 18 mg nicotine/ml for the first 5 min and then ad libitum for the next 60 minutes, the mean venous nicotine concentration at the end of the 65-minute exposure period was approximately 25 ng/ml, a level that is well within the range seen in smokers (42) .
nAChR are cation channels comprised of five subunits arranged around a central pore. There are 11 identified neuronal nAChR subunits. Various arrangements of different subunits result in an array of pentamers that comprise the complete nAChR. The predominant nAChR subtypes are homomeric a7-nAChRs and heteromeric a4b2*-and a3b4*-nAChRs (the asterisk indicates other potential subunits). Upon binding to its endogenous ligand acetylcholine-but also exogenous nicotine-there is often an increase in cytosolic calcium, resulting in the homeostatic function of acetylcholinemediated neurotransmission, but also activation of calcium-dependent kinases and gene regulation. In contrast, nicotine has also been shown to attenuate ATPinduced release of calcium from intracellular stores into the cytoplasm (43) , indicating that the effect of nAChR activation on intracellular calcium is both cell type and nAChR subtype dependent. nAChRs are also present on macrophages, consistent with the aforementioned immunomodulatory effects of nicotine (44) . We found that, by preventing nicotine binding to nAChR-either by a nonselective pharmacologic inhibitor to nAChR or by use of macrophages from mice with genetic disruption of the a7, b2, or b4 subunit of nAChR, which represent all three major classes of neuronal nAChR-significantly attenuated CS extract-induced increase in MTB burden in macrophages. Although there was partial abrogation of the CS extract-induced increase in CFU with the a7nAChR 2/2 and b2-nAChR 2/2 BMM, there was greater reversal of the effects of CS extract with BMM missing the b4-nAChR subunit. Although nicotine is lipophilic and capable of entering cells by passing directly through the plasma membrane, these results indicate that nicotine binding to nAChR is an important mechanism by which nicotine impairs macrophage immunity against MTB. MEC alone did not affect the ability of THP-1 cells to control MTB; although this finding is not surprising given the absence of nicotine (or acetylcholine) in these experimental cell cultures, methyllycaconitine-a relatively specific antagonist of (a7) 5 -nAChR-has been shown to increase cytosolic calcium in Jurkat T cells, and thus, paradoxically behaving more like an nAChR agonist rather than its canonical function as a nAChR antagonist (45) . Therefore, predicting any potential anti-TB effect of nAChR antagonists in vivo cannot be made based on its salutary effects in macrophages, as other cell types may be differentially affected.
Using [ 125 I]epibatidine binding in the absence and presence of the b2-selective compound A85380, we demonstrated that wild-type murine BMM do express both b2-and b4-containing nAChR at low but detectable levels. However, because we used only a single concentration of Regardless, to the best of our knowledge, these data represent the first demonstration that BMM express b2-and b4-nAChRs.
Other studies have reported the expression of various nAChR subunits in macrophages via PCR or immunocytochemistry, but none of these studies determined whether the subunits formed ligand binding sites (46) . Although the current study established that BMM do express both b2-and b4-nAChRs, the specific composition of the b2-or b4-containing nAChRs expressed in BMM remains to be determined. Others have shown that primary murine and rat alveolar macrophages possess nAChR (21) (22) (23) 43) . By RT-PCR, various nAChR subunits have been found on rat alveolar macrophages, most notably, a9, a10, b1, and b2, but not a7 (43) . Experiments with a recombinant mouse in which cells of the a7 lineage are labeled with the yellow fluorescent protein (a7 Cre:YFP mice) revealed that 20% of the CD11c 1 alveolar macrophages possessed a7-nAChR (21, 22) . Our findings, that nicotine also impaired the ability of alveolar macrophage to control MTB infection, would also corroborate these findings.
One mechanism by which nicotine impairs macrophage control of MTB is via inhibition of autophagy. Nicotine induces NF-kB activation (47), and we corroborated this in the current study. Because activated NF-kB inhibits autophagy (24) , nicotineinduced NF-kB likely mediates nicotine inhibition of autophagy. These findings are entirely consistent with the observation that alveolar macrophages of smokers have a defect in the autophagic process (19) . Nicotine-induced NF-kB activation with subsequent inhibition of apoptosis is likely another mechanism by which nicotine inhibits macrophage effector function against MTB.
Nicotine also has the capacity to inhibit production of proinflammatory cytokines ) concentration was measured in the supernatant of LPS 1 IFN-g-stimulated BMM, MTB-infected BMM, MTB-infected BMM 1 unexposed Tregs, and MTB-infected BMM 1 nicotine-exposed Tregs. *P , 0.05, **P , 0.01 compared with BMM alone infected with MTB. Data shown are the mean (6SEM) of three independent experiments. necessary for host defense against microbes (48) . Matsunaga and coworkers (48) found that, in MH-S murine alveolar macrophages, nicotine increased the replication of intracellular Legionella pneumophila while simultaneously decreasing IL-6, IL-12, and TNF-a production, but had no effect on IL-10 expression. Although it may seem counterintuitive that nicotine induces NF-kB and yet inhibits proinflammatory cytokine expression, inhibition of posttranscriptional events-in large part through induction of an array of microRNAs (miRNA)-has been shown to be the mechanism for the antiinflammatory effects of nicotine (30, (49) (50) (51) ). The precise mechanisms by which nicotine-induced miRNAs inhibit cytokine protein production is complex, dependent on the stimuli, the cytokines induced, the miRNA involved, and direct or indirect inhibition of cytokine production. Indirect inhibition by nicotine of cytokine expression via specific miRNA may involve inhibition of the translation of TNF-a-converting enzyme mRNA, preventing the conversion of pro-TNF-a to TNF-a; another mechanism is miRNA inhibition of the translation of signal transducer and activator of transcription 3 (STAT3) mRNA, preventing the transcription of IL-6 (50) . Furthermore, such intricate and indirect control is consistent with the hypothesis that nicotine-induced miRNA inhibition of inflammatory responses finely attenuates inflammatory responses rather than completely inhibiting them (50, 52 ). However, a completely different mechanism by which nicotine and other similar agonists-specifically, those that bind to nAChRs that contain the a7, a9, and/or a10 subunits-could reduce inflammation is via inhibition of ATP-P2X7 receptor activation of inflammasomes in human and rat monocytes, preventing the maturation of pro-IL-1b to IL-1b (53) .
Unexposed Tregs cocultured with macrophages also increased recovery of viable MTB compared with MTB-infected macrophages alone, indicating that nonspecific priming of Tregs is capable of suppressing macrophages. Coculture of unexposed macrophages with nicotineexposed Tregs resulted in an even greater recovery of MTB as well as increased levels of IL-10 and urea in the culture supernatant. These findings indicate that, in addition to its direct immunosuppressive effect on macrophages, nicotine also activates Tregs that then inhibit macrophage activity against MTB; this indirect nicotine inhibition of anti-MTB macrophage activity may occur, in part, due to biasing of macrophages to the M2 phenotype as evinced by greater urea and IL-10 production. This finding is consistent with the ability of Tregs to induce macrophages to the alternatively activated phenotype (12) . In addition, although the ability of Tregs to reduce NO production by BMM would lend credence to M2 macrophage activation, there was no further reduction of NO produced in BMM cocultured with nicotine-exposed Tregs; one possible reason for this finding is that the sensitivity of the Griess assay to detect difference in NO 2 2 may have decreased at low levels of NO 2
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. Although Vassallo and colleagues (54) found that CS extract directly suppressed dendritic cell function, resulting in preferential induction of Th2 cells, the effects of CS extract on the dendritic cells were not exclusively mediated by nicotine. The ability of nicotine and CS to increase cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) and Foxp3 expression on T cells is one intracellular mechanism by which nicotine differentiates and activates Tregs (25, 55) , inducing them to produce IL-10 and TGF-b (25) and suppressing macrophage immunity against MTB (12, 56, 57) . These studies also imply that CD4 1 T cells possess nAChRs, although the precise isoforms are not known. Although we found increased levels of TGF-b in the supernatant of Treg cultures stimulated with nicotine, others did not find such an effect (25) . A possible reason for this discrepancy is that, whereas Wang and colleagues (25) isolated Tregs gating for CD4 1 and CD25 1 cells, we isolated the Tregs from Foxp3-EGFP reporter mice, with the latter method expected to yield a purer population of Tregs.
In an in vivo model of acute pancreatitis, nicotine also appeared to increase TGF-b production from Tregs (58). Interestingly, others have shown that smokers' alveolar macrophages-in a reciprocal fashionare more likely to drive naive T cells toward the Treg phenotype (5) .
Nicotine can also promote phenotypic expression of other Th cell types that can deleteriously impact host immunity against MTB. Specifically, nicotine has been shown to promote a Th2 adaptive immune response, and this may be due, in part, to nicotine binding to nAChRs that contain the a4 subunit on undifferentiated CD4 1 T cells (59, 60) .
Although it is a seeming paradox that smokers are more susceptible to TB despite having significantly increased numbers of macrophages in their lungs, experimental data indicate that CS-exposed macrophages are impaired in their ability to control MTB. The enhanced chemotaxis observed with nicotine suggests that increased monocyte migration from the peripheral blood is one plausible mechanism for the lung leukocytosis of smokers, although it does not rule out the possibility that CS may also increase local differentiation of lung stem cells into macrophages and/or decrease migration of differentiated macrophages. However, our finding of nicotine-induced increase in macrophage migration makes the latter hypothesis less tenable. In summary, we found that nicotine is able to directly impair macrophages in controlling an MTB infection as well as indirectly via activation of Tregs. Whether other components of CS, such as reactive oxygen intermediates and acrolein, play a role in suppressing anti-TB immunity remains to be seen. n Author disclosures are available with the text of this article at www.atsjournals.org.
